The electrical potential differences were measured at various points in an organic phase of a water-oil-water liquid membrane system in which self-oscillations of an electrical potential difference occurred across a three-phases-liquid membrane by using an H-shaped cell. The electrical potential difference oscillated in the direction through the two aqueous phases, but not in its vertical direction. The amplitude of the self-oscillation greatly changed around the place where the horizontal tube was connected to the vertical tube, which had no surfactant.
Introduction
The self-oscillation of an electrical potential difference across an oil-water interface was first observed by Dupeyrat et al., 1 and that across a water-oil-water liquid membrane was first observed by Yoshikawa et al. 2 This three-phase system has been studied on the mechanism of self-oscillation, [2] [3] [4] [5] [6] and was applied to a method to analyze various substances, such as tastes, 7 drugs, 8 and metal ions. 9, 10 Various mechanisms have been proposed based on the formation-deformation of an electrical double layer at the interface, [2] [3] [4] ion transfer across the interface, 3, 6 and the dynamics of the interface. 5 The features of self-oscillation were reported to depend on those of the cell used, such as its size and material. 11 We proposed an H-shaped cell with a high-reproducibility of the self-oscillation, and applied it to analyses of metal ions. 9, 10 Further, we first clarified that the electrical potential differences between both ends of the organic phase of a water-oil-water system self-oscillated with the use of various experimental setups, including the H-shaped cell. 12 As mentioned above, the self-oscillation of the electrical potential difference in a threephase system has been discussed based on the mechanism of chemical and physical phenomena at the interface. However, the discovery of self-oscillation in the organic phase showed that some chemical and physical phenomena in the organic phase are also involved with the self-oscillation in the threephase system.
In this study, the electrical potential differences were measured at various pairs of positions in the organic phase of a water-oil-water system, and the distributions of the amplitude of the self-oscillation were investigated. An effort was made to explain the mechanism of the self-oscillation observed in the organic phase based on an electrical double layer resulting from some fluid motion of the bulk phase.
Experimental

Experimental set-ups
The basic experimental set-up used was almost similar to that reported before. 9 The cell consisted of two glass tubes of 20 mm diameter and 64 mm length and a glass tube of 4 mm diameter and 10 mm length. The large two tubes were open on one side and closed on the other side. The sidewalls just near the closed ends of the large tubes were connected by a small tube to form the H-shaped cell. The H-shaped cell was held so that the large tubes would be vertical, and consequently for the small tube to be horizontal to the ground. A 3.2 ml portion of a nitrobenzene solution of 1.5 mM picric acid was first placed in the cell to form an organic phase. The surface of the solution reached just to the top surface of the horizontal tube. Pure water was placed on one surface of the organic phase to form the W1 phase, and an aqueous solution was placed on the other surface of the organic phase to form the W2 phase. The W2 phase contained 10-mM hexadecyl trimethylammonium bromide (CTAB) as a surface-active substance and 0.5 M 2-butanol.
Axes of the coordinates defined
The three axes of the coordinate system are defined in the cell as shown in Fig. 1 in order to explain the results. The origin of the coordinates is placed at the center of the base of the W1-phase-side tube. The +x axis runs toward the W2-phase tube; the +y axis, toward the front of the sheet; and the +z axis, toward up. The symbols are defined to represent some positions, as follows: the large letter O1 represents the origin of the coordinate, namely the center of the base of the W1-phase tube; the large letter Xc2 represents the center of the base of the W2-phase tube. The small letter xin represents the x position where the W1-phase tube was connected with the horizontal tube; xout, the x position where the -x axis crosses the wall of the W1-phase tube; yfront and yback, the y positions where the +y and -y axes cross the wall of the W1-phase tube, respectively.
The large letters Xin, Xout, Yfront, and Yback represent the positions of (xin,0,0), (xout,0,0), (0,yfront,0), and (0,yback,0), respectively.
Results and Discussion
Abstract of the self-oscillation in the organic phase obtained thus far
The typical time course of the electrical potential difference between the two aqueous phases was shown before, 9, 10, 12 and is briefly stated concerning its features below. The potential difference slightly fluctuated around -320 mV for the first 1400 s. Next, sharp pulses of about 200-mV amplitude appeared at regular time intervals till 4200 s, and continued at longer and irregular time intervals till 5000 s. The potential difference subsequently gradually approached 0 mV after the pulses disappeared. 9 The typical time course of the electrical potential difference measured between O1 and Xc2 in the organic phase through a pair of salt-bridges was also shown before. 12 The electrical potential on the W2-phase side was measured against that on the W1-phase side. The salt-bridges were inserted into the organic phase across each oil-water interface, and were 30 mm away from each other. The salt-bridges were formed in glass tubes, and the glass tubes for the organic-phase measurements were covered with Teflon tubes. The selfoscillations were observed in the same way as those between the two aqueous phases. 12 The self-oscillations observed in the organic phase were not due to those of the electrical potential difference across the agar-gel/organic-phase interface. 12 The penetration of the salt-bridge across the oil-water interface did not affect the generation of the self-oscillations. 12 The selfoscillations were observed even when using an H-shaped cell made of Teflon, though the features were different from each other, 12 which meant that the observation of the self-oscillations in the organic phase was independent of the kind of material of the H-shaped cell.
Time courses of the self-oscillation between various pairs of positions
The amplitudes of the self-oscillations of the electrical potential differences between various pairs of positions in the organic phase were investigated first along the x-axis (Figs. 2(a) -(e)). The electrical potential at a nearer position from the W2 phase was measured against the other in each pair of positions. The tip of the salt-bridge on the W1-phase side was set at Xout, O1, and Xin while fixing that of the salt-bridge on the W2-phase side at Xc2. The electrical potential difference in the horizontal tube was not measured, because it was too narrow to insert the salt-bridge (about 3-mm diameter). Parts of the time courses of the electrical potential difference are shown in Figs. 2(a) and (b) for Xout and Xin of the measurement positions, respectively. That for O1 is not shown because the self-oscillations of the electrical potential difference observed at O1 were completely similar in amplitude and in frequency to that for Xout. The selfoscillations of the electrical potential differences for O1 and Xout were from 120 to 172 mV in amplitude. For Xin, however, the amplitudes of the self-oscillations decreased to about 43 mV, which were smaller by 80 -130 mV than that for Xout. This indicates some chemical or physical phenomena, which caused the self-oscillation of the electrical potential difference in the organic phase, occurred mainly in the organic phase on the W1-phase side. Next, the amplitude of the self-oscillation was investigated for pairs of positions in the organic phase on the W1-phase side. Between Xout and Xin (Fig. 2(c) ), the oscillation amplitudes were 64 -105 mV, which plus 43 mV of the oscillation amplitude observed between Xin and Xc2 almost equaled that observed between Xout and Xc2 (120 -172 mV). Between Xout and O1 (Fig. 2(d) ), very small self-oscillations were observed with an amplitude of about 10 mV. Between O1 and Xin (Fig. 2(e) ), the oscillation amplitudes were 57 -67 mV. The sum of these two amplitudes of 67 -77 mV was close to the amplitude for an Xout -Xin of 64 -105 mV. The difference, about 30 mV, was thought to be due to a slight shift of the x position set. These results mean the chemical and physical phenomena mentioned above, which caused the self-oscillations of the electrical potential differences in the organic phase, mainly occur at around xin.
The oscillation amplitude was then investigated along the y axis. As shown in Fig. 2(f) , no oscillation was observed between Yfront and Yback. Neither was any oscillation observed between Yfront and O1 (not shown). The electrical potentials at Yback and O1 were measured against that at Yfront in each case. These mean that the chemical and physical phenomena under consideration occur uniformly in the y direction.
The frequencies observed upon measuring at Xin (b, c, and e of Fig. 2) were lower than those observed upon not measuring at Xin. This represents the influence of the glass tube, including the salt-bridge: putting the salt-bridge as a dummy at Xin affected the self-oscillation between Xout and Xc2 to decrease the frequency to about 90%, but did not affect the average amplitude. The frequency consequently became closer to those observed upon measuring at Xin (b, c, and e of Fig. 2 ). The oscillation distribution was next investigated in the z direction (Fig. 3) . One of the salt-bridges was moved down in the z direction at xin and at y = 0, while fixing the other saltbridge at around Xin after the preceding 150-s measurement. The z positions taken up for the measurements were as follows: just above the interface (a), just below the interface (b), the bottom of the W1-phase tube (d), and the middle position between them (c). The self-oscillations were small and equal in amplitude (21 mV) at any z position under the interface; that is, there was no distribution of the oscillation amplitude in the z direction under the interface. This means that the chemical and physical phenomena under consideration occur uniformly in the z direction. The observed small amplitude of about 21 mV must be ascribed to the electrical potential difference in the x direction, because the self-oscillation in the x direction largely changed in amplitude around xin, as stated above. Above the interface, however, the oscillation amplitude increased discontinuously to 71 mV. This suggests the self-oscillation of the electrical potential difference surely occurred based on the interface phenomena between the W1 phase and the organic phase, in addition to that in the organic phase.
Potential distributions on the occurrence of self-oscillation
Based on the results mentioned above, the electrical potentials in the organic phase on the occurrence of self-oscillation were evaluated with reference to that at Xc2 in the x, y, and z directions, as shown in Figs. 4(a), (b) , and (c), respectively. The electrical potentials in the x direction are values on the x axis; those in the y direction, values on the y axis; and those in the z direction, values at xin and at y = 0. The filled circles represent the relative electrical potentials evaluated from the measurement results. The dotted lines are drawn so as to smoothly connect each filled circle. The electrical potentials in the x direction were both low and constant in magnitude at the x positions less than about O1, extremely changed at around Xin, and high at around Xc2. Those between Xin and Xc2, namely in the horizontal tube, can be expected to be both high and constant, equaling the value at around Xc2. The electrical potential was independent of the position in the y and z directions under the interface, as shown in Figs. 4(b) and (c) .
Consideration of the mechanism
The distributions of the electrical potentials shown in Fig. 4 are similar to those arising from an electrical double layer, as follows: the electrical potential, which the electrical double layer formed uniformly in the y-z plane at around xin provides, strongly depends on the x position, especially changes before and after the x position where the electrical double layer was formed, namely at around xin. Further, it is almost independent of the y and z positions. A model, which may explain the formation of the electrical double layer, is discussed below. Chemical species in the three phases move from one phase to other phases. 6 According to Maeda et al., 6 CTA + and Cl -, which were used instead of Br -, transfer from the W2 phase to the organic phase, and Cl -next transfers from the organic phase to the W1 phase upon the occurrence of electrical self-oscillation. Oscillatory transference of Cl -across the W1-organic interface must cause an oscillatory diffusion of Cl -in the organic phase, which can cause the production of a diffusion potential. In the H-shaped cell, the diffusion of any chemical species is along the x-axis in the small horizontal tube, but in the large vertical tubes, it is complicated in its direction. This may form an electrical double layer due to the diffusion potential in the y-z plane around xin. The transferences of the chemical species, especially Br -, in the H-shaped cell have to be studied to confirm this model. The electrical potential differences in Fig.  2 , however, were measured at z = 0, namely about 5 mm below the interface, and the observed oscillation amplitudes were as large as 170 mV. Further, the self-oscillations observed in the organic phase were almost simultaneous with those observed between the aqueous phases (not shown). It is thought to take some time for the diffusion of Br -existing as far as 5 mm away from the interface to be caused by the transference of Br -, and to produce a diffusion potential with such a large amplitude. Simultaneously with the occurrence of the electrical self- oscillation, the interface around xin was observed to toss up and down. This toss of the interface occurs when the interfacial tension, which arises from the adsorption of H + onto the interface transferred from the organic phase, reaches maximum. 6 Such a toss of the interface can cause a stirring of the bulk phases around xin, which may take part in the occurrence of self-oscillation in the organic phase. Thus, this model can be qualitatively convenient to explain the results obtained so far, though more experiments, especially on the transferences of the chemical species, such as Br -, must be carried out.
Conclusion
The self-oscillation of the electrical potential differences between various pairs of positions in the organic phase was investigated, and the distributions of the electrical potential upon the occurrence of the self-oscillation were evaluated. The electrical potential was greatly changed at around xin, and slightly changed at other positions on the x axis. Selfoscillations were observed in the y and z directions with a very small amplitude which were independent of the position on the y and z axes. The distributions of the obtained electrical potentials were explained, supposing that an electrical double layer was formed uniformly in the y-z plane around xin. Experiments, especially on the transferences of the chemical species, such as Br -, are further needed to construct an exact model.
